Objectives: Severe brain injury is often accompanied by painful comorbidities and by concurrent limitations in the ability to report pain. Assessment of nociception aids diagnosis and helps balance reduction in suffering with avoidance of sedating medications. Existing assessment methods confound patients' level of consciousness with the intensity of nociception, complicating pain assessment as consciousness evolves. We sought to develop a measure of nociception that is independent of the level of consciousness.
experience pain. 7 Indeed, this is an important question for ethical and medical-legal reasons. However, in the acute phase after injury, the priority is to recognize indicators of nociception regardless of the presence of subjective distress, to facilitate diagnosis and treatment of these conditions. Moreover, accurate diagnosis of a patient's state of consciousness is, itself, a complex and error-prone task, particularly in the context of rapidly evolving changes in consciousness. 14 Thus , an instrument that detects nociceptive stimuli similarly in conscious and unconscious patients would avoid this confound.
During the recovery of consciousness, some patients with TBI develop agitation, which may include behaviors such as moaning, grimacing, or rocking. 15 These behaviors may be interpreted as signs of pain, leading to overtreatment with opioids and other sedating agents, which also limit participation in rehabilitation. 16, 17 Ideally, assessment of nociception or pain should avoid confounding with agitation. In summary, accurate assessment of nociception in persons with TBI is important to optimize alertness, and aid in diagnosing potentially serious conditions or injuries. Where subjective pain is present, its detection and management can alleviate suffering and distress.
Standard pain assessment uses self-report measures that are not feasible in patients with alteration of consciousness or impaired communication. [18] [19] [20] Observational rating scales have been developed for other populations with limited abiity to communicate. 21, 22 However, the behavioral manifestations of pain/nociception in individuals with severe brain injury may differ from those with advanced dementia, sedated patients, or normal neonates, requiring a tailored approach.
The Nociception Coma Scale (NCS) and subsequent Nociception Coma Scale-Revised (NCS-R), 23, 24 were developed specifically for severe brain injury. The NCS-R consists of 3 subscales: Motor response, Verbal response, and Facial expression. Each of the subscales is scored from 0 to 3 points, wherein 3 points equals the greatest possible sign of pain for each individual item. A cutoff value at 4 points is set to indicate pain. 24 However, these measures contain a mixture of items that assess nociception regardless of consciousness, and those that require conscious reactions to subjective pain. For example, the highest score on the Motor Response and Verbal Response subscales require "localization to painful stimulation" (eg, the patient's hand attempts to remove the noxious stimulus), and "intelligible verbalization," respectively, both of which require consciousness. Patients in the VS/UWS may alter their posture or groan in response to noxious stimuli, but they do not exhibit the above cortically mediated behaviors. Moreover, as discussed by Vink et al, 25, 26 "vocalization" and "groaning" are problematic items in patients who are intubated or have tracheostomies. A similar concern is raised for patients with paresis and aphasia concerning the subscores in the Motor and Verbal Response categories. Furthermore, in a qualitative study of nurses' experience with the NCS-R in a clinical rehabilitation practice, they argued that the scale was unable to assess patients in the state of VS/ UWS fairly, as they very rarely would reach the set cutoff level of 4 points as a sign of pain due to a general low functional level. 27 Thus, the maximal score that a patient in VS/UWS can obtain is lower than for those in an MCS, regardless of the intensity of nociception. Indeed, NCS-R scores are correlated with those on the Coma Recovery Scale-Revised (CRS-R), 28 confirming that NCS-R scores differ systematically by the level of consciousness. 29 As a result, a patient's current state of consciousness must be known, to interpret the NCS-R score.
The Pain Assessment Scale (PAS), also developed for brain injury, includes behavioral indicators overlapping with the NCS-R, along with a set of autonomic indicators. 30 The preliminary validation study on PAS showed very good interrater agreement on 13 and good agreement on 8 of 27 items. Nevertheless, some of the items were dichotomous and others impractical to score. A significant change after repositioning of patients provided preliminary validation. 30 Overall, it appeared that many of the PAS items held the potential for inclusion in a new, more comprehensively developed and validated scale for determining pain.
The aim of the present study was to develop a scale that can be used to measure the intensity of nociception in patients with TBI who are unable to provide subjective pain reports. In developing such a scale, we intended to have its score be unrelated to the level of consciousness (ie, to be measuring the intensity of nociception, rather than subjective pain), and to the level of behavioral agitation as well. We aimed to validate this measure as an indicator of nociception, to demonstrate that scores are not confounded with the level of consciousness or behavioral agitation, and to assess the amount of time required to perform an accurate assessment.
MATERIALS AND METHODS

Participants
Participants were enrolled between 2013 and 2017 from MossRehab Hospital, Elkins Park, PA, and the Department of Neurorehabilitation, Traumatic Brain Injury, Rigshospitalet, Denmark. We included patients with moderate to severe TBI > 17 years of age and with a FIM score <5 (https://www.tbims. org/combi/FIM/) on Comprehension or Expression, indicating unreliable verbal pain reporting ability. 31 We excluded patients without a consenting Legally Authorized Representative (LAR), and those whose attending physician or LAR was unwilling to alter non-opioid analgesic orders for the 48-hour rating period.
Development of the Brain Injury Nociception Assessment Measure (BINAM)
We reviewed observational pain measures developed for other populations, 9, 10, [20] [21] [22] [23] the NCS-R 29 and the PAS, 30 for items that appeared relevant and feasible for assessment in severe TBI, and which were unlikely to be confounded with the level of consciousness or agitation. We began with a set of 15 items (Table 1) , which did not appear related to the level of consciousness, could be assessed quickly, and might be expected to change promptly in response to analgesia or new nociceptive stimuli.
Measures
In this study, severity sufficient for inclusion was defined in terms of the inability to reliably communicate in receptive or expressive terms. The FIM is an 18-item ordinal rating scale of functional independence, 32 from which the comprehension and expression items were used to identify a sample unable to provide accurate self-reports of pain. Within this range, the degree of impairment in consciousness was assessed using the CRS-R. The CRS-R is designed to measure the level of consciousness and is validated for use in clinical and research settings. It consists of 23 items, grouped into 6 subscales. The test items are operationally defined, as are the patient responses that are scored. The CRS-R can distinguish between VS/UWS MCS, and higher states of consciousness, and was used to characterize the study participants' level of consciousness at the time of examination. 28 The Agitated Behavior Scale (ABS) is designed to assess agitation in patients who have sustained a TBI. 15 The ABS is an observational rating scale that ranges from 14 to 56 points, with 3 subscales assessing disinhibition, aggression, and lability. A score > 21 indicates clinically significant agitation. The ABS has been recommended as the best validated instrument for such assessments. 33, 34 The ABS 15, 33, 34 was used to characterize the study participants' level of agitation at the time of participation.
The study was approved by the Ethics Committee at the Danish site (H-1-2012-149), and by the local Institutional Review Board at the US site. In Denmark, the study also was approved by the Data Protection Agency with Journal no: 2007-58-0015. Written informed consent was provided by the LAR of each participant.
Procedures
For ethical reasons, it was felt that patients who were already on opioid analgesics could not have those medications withdrawn for study reasons. Therefore, we hoped to validate the BINAM's sensitivity to the level of analgesia with the more modest manipulation of acetaminophen. Regardless of what other analgesic medications a participant was on, if she/he was not on acetaminophen, this was added for one of the 2 study days. Participants who were on standing doses of acetaminophen (with or without other analgesics) had the acetaminophen withdrawn for 1 of the study days. Regardless, participants were randomly assigned, in a 1:1 ratio, to receive acetaminophen 1 g every 6 hours during the first or second assessment day, beginning the previous evening. CRS-R assessment was performed <24 hours before the first BINAM assessment, and <24 hours after the last. ABS was rated by the patient's primary nurse during the day and evening shift on each of the 2 assessment days.
A trained nurse or research assistant completed the BINAM in 15-minute observation blocks on each of 2 days in 4 settings chosen for potential differences in discomfort/ nociception: (1) in bed shortly after repositioning; (2) in a chair or wheelchair shortly after repositioning; (3) in bed or wheelchair after prolonged sitting/lying; and (4) during physical therapy involving gross motor activities (eg, standing, transferring, range of motion exercises). Before data collection began, an appropriate activity was selected for each participant's physical therapy data collection sessions, and standardized across the 2 days. An activity was chosen that was clinically appropriate and within the participant's capability, involving weight-bearing or range of motion/stretch, but not involving significant aerobic activity. During each 15-minute rating session, the data collector observed the patient for about a minute and then recorded the observations for about a minute, making a complete set of ratings 7 times/session on a scannable rating sheet. The order of conditions was held constant for each participant across the 2 days, but it varied from participant to participant on the basis of their normal activity schedule. To ensure that the 2 sites carried out the assessments in a reliable way, in-person visits, frequent telephone meetings, and close monitoring by the Principal Investigators were conducted.
Data Analysis
The protocol called for ratings of lateralized items to be on a consistent side of the body. However, due to a procedural error, nearly half of the participants had a mixture of sides used for data collection. Day-to-day correlations were compared between pairs of ratings collected on the same side versus opposite sides (data not shown). Inconsistency had little effect on ratings of blood pressure, heart rate, or pupil size, but, for the degree of eye-opening (arousal), correlations were substantially lower for ratings performed on different sides, than for those performed on the same side. This was addressed during subsequent analysis.
Nine participants had an alteration in the assigned acetaminophen schedule. In these cases, individual sessions were classified as being on or off acetaminophen accordingly. When it was unclear how well medicated the participant was at the time of data collection, drug condition was set to missing.
We applied Rasch Analysis, using the Partial Credit Model (PCM) to calibrate the response data and assessed the item fit by examining mean squares (MNSQ). Power calculations suggested that an analyzable sample of 158 participants would provide stable item calibration within +/−0.5 logits with 99% confidence. Items with MNSQ < 0.7 or > 1.3 were removed from further analysis. The joint †In patients with darkly pigmented skin based on race/ethnicity, skin color changes related to nociception were blunted. This item was set to missing for such patients (N = 8). maximum likelihood estimation method implemented in the WINSTEPS program was used. Valid joint maximum likelihood estimation results can be obtained even for participants with some missing data, on the basis of missing-atrandom assumption. The final scores were converted to a 100-point scale with larger scores indicating greater nociception intensity.
We examined the model fit by fitting 2 restricted item response theory (IRT) models, one examining the invariance of item parameters of repeated observations of the same item by fitting the PCM (restricted PCM) with the equivalent item parameters of the repeated observations for the same item, and the other examining the assumption of independence of sessions within a participant by fitting a multilevel PCM model (which takes into account the correlation between sessions within a participant) based on the restricted PCM. We used information criteria (Akaike information criterion [AIC], Bayesian information criterion [BIC]) to assess whether the more restricted models improved model fit (lower AIC and BIC values). In multilevel PCM, each participant has 2 scores-at the participant and at the session level; the sum of those scores was compared to the person scores generated from the restricted PCM. We also used analysis of variance to examine the effect of drug condition (acetaminophen or no acetaminophen) and activity (the 4 types of sessions) using the different models. We used the marginal maximum likelihood estimation method to fit all 3 models. The person scores were generated from the Mplus program using Expected A Posteriori (EAP) method.
In IRT, the item response given by a participant is only determined by the level of the latent construct(s) being measured and not by other demographic variables. We examined violations of this assumption (differential item functioning-DIF), for each item by sex and by age (participants older and younger than the median of 55), by testing the target item, anchoring all other items. For example, when we examined "heart rate" for male and female participants, we set the parameters to be equal for male and female participants on all other items except "heart rate," and then conducted the Wald χ 2 test to examine the difference of item parameters by sex. These analyses were carried out separately for each item. We calculated the weighted absolute difference between item characteristic curves (wABC) to assess the impact of DIF. wABC values exceeding 0.12, 0.18, 0.24, 0.3 for 2-, 3-, 4-, and 5-category items, respectively, were considered to indicate that DIF had a large impact. We compared the test characteristic curves across groups to examine the impact of DIF at the summed score level.
The proportion of study participants who were in VS/ UWS (~14%), or who were rated as clinically agitated (~17%) at the time of data collection, was too small to allow this method of assessment of DIF. Consequently, we analyzed the data with the full sample and then after removing patients in VS/UWS or those who were agitated, respectively, and calculated the correlation of the item parameter estimates based on the full sample and subsamples. We also calculated the correlation between CRS-R scores and BINAM scores as continuous variables, and tested for any impact of analgesic medication on ABS scores to further explore the validity of BINAM scores as indicative of nociception rather than agitation, using the Wilcoxon Signed-Rank test.
We examined the psychometric properties of the 10-item scale after removal of 5 misfitting items, based on the restricted PCM model. We generated the item map and the distribution of the person score standard error. We assessed whether the item map covered the whole range of the scale and examined the number of patients with SEs above the threshold of score reliability of 0.9 (the threshold of standard error with score reliability > 0.9 was calculated as sqrt[{1−0.9}×score variance]).
We also examined the impact of decreasing the number of repeated observations or of setting some of the items to missing on the reliability of the person score estimates. Using the cases with data for all items and all 7 observations, we examined the correlations between the person scores generated from the complete data set versus those generated from fewer (4, 5, 6) observations. Similarly, correlations were calculated after removing "pupil," or "BP_sys," or "BP_dys," or "heart rate" or all 3 cardiovascular items, as these were the most frequently missing. The person scores were estimated on the basis of weighted likelihood estimations, implemented in SAS.
RESULTS
One hundred seventy-six participants were enrolled in the study (83 from MossRehab; 93 from Rigshospitalet), but BINAM data were not collected on 19 participants due to the emergence of higher-level communication or intercurrent illness. One hundred fifty-seven participants contributed data to the analysis (71 from MossRehab; 86 from Rigshospitalet) ( Table 2 ).
Item Calibration and Fit
One participant missed a complete day of assessment (4 sessions), and 9 participants missed 1 to 2 sessions, for logistical reasons, resulting in the exclusion of 15 data collection sessions in total. Data from certain additional sessions were excluded due to ambiguity in whether the participant was medicated with acetaminophen at the time of the session (27 sessions) or failure to record the eye used for ratings (10 sessions). The final data set represented 1204 sessions from 157 individuals (96% of intended sessions). Higher scores for all items were assigned to categories predicted to reflect greater nociception intensity. Original rating categories were merged because of a sample size <10 in some of the categories, and then further merged for 9 items because of violation of monotonicity on initial calibration. This resulted in 2 to 5 rating categories for all items (Table 1) .
Five items (Respiratory Rate, Goosebumps, Skin Wetness, Skin Temperature, Tears) with MNSQ values exceeding acceptable threshold values were removed from the item bank. The fit indices of the remaining 10 items were acceptable. Multilevel PCM had the lowest AIC and BIC values among the 3 models assessed (PCM, restricted PCM, and multilevel PCM) ( Table 3 ). The correlation between the person score estimates from the restricted PCM and multilevel PCM was 0.9982. We compared the relative validity of Multilevel PCM with the other 2 models in detecting an impact of acetaminophen or physical therapy versus resting conditions ( Table 4 ). The PCM had similar validity as the restricted PCM for known groups, and was better able to discriminate experimental conditions than the multilevel PCM. Adding the fact that restricted PCM is easily understood, we used the restricted PCM in subsequent analyses. Figure 1 shows the item map for the remaining 10 items. Note that a change in arousal, as indicated by the degree of eye-opening, is the most sensitive item for detecting mild nociception, whereas skin color tends to change only with the most intense nociception.
As is typical, the reliability of the person score estimate was greatest in the midrange of the scale and decreased with more extreme scores (Fig. 2 ). However, reliability was above 0.9 for approximately a 4-logit range of the scale.
Initial Validation
We predicted that BINAM scores would be modulated by activity, with the highest scores recorded during physical therapy, followed by the prolonged position condition, with the 2 assessments conducted shortly after repositioning at rest being least painful. We also predicted that scores would be lower with acetaminophen than without it. Indeed, a 2-way analysis of variance revealed main effects of analgesia (F = 8.86, 1 df, P = 0.003) and activity (F = 44.52, 3 df, P < 0.0001) on BINAM scores, with no significant interaction (F = 0.68, 3 df, P = 0.56). Tukey post hoc pairwise comparison of scores for individual activity conditions revealed that scores were higher in physical therapy than in each of the other conditions, and that scores were higher after prolonged sitting or lying than after recent repositioning in bed (Table 5 ). Of interest, ABS scores did not differ on the basis of acetaminophen administration (on acetaminophen: mean = 17.97, median = 15, range = 14 to 45; off acetaminophen: mean = 17.92, median = 15, range = 14 to 47; S = −68, P = 0.74).
DIF
No items showed DIF with respect to sex. One item (vocalization) demonstrated DIF between older and younger individuals, but the impact involving this single item was negligible on the overall summed score (maximal difference < 0.13 SDs of the summed score across the range of the scale). The effect of rating arousal from a consistent versus inconsistent eye was small. With respect to the 2 subgroups of interest (VS/UWS; agitation), the item parameters were correlated > 0.99 between the full sample and the subsample after exclusion of either group (Fig. 3 ), suggesting that level of consciousness and level of agitation had negligible effects on the scores. The fact that acetaminophen modulated BINAM scores but not ABS scores provides further evidence of the independence of measurement of nociception even in agitated patients. The average correlation between the CRS-R and BINAM scores across conditions was small but significant (Spearman ρ = 0.18, P = 0.0269).
Impact of Observation Time and Missing Data
We assessed whether 15 minutes of observation (7 rating episodes) are required to arrive at reliable scores, and the impact of missing data for specific items. The correlations between the person scores computed with partial versus complete data are shown in Table 6 . There was little impact on reliability, with as few as 4 observations, compared with 7 (person score correlations > 0.98). Heart rate and systolic and diastolic blood pressure were the most frequently missing items, due to the failure of the automatic blood pressure cuff to read during episodes of arm movement or behavioral agitation. Pupil size could sometimes not be rated because of the patient's position. With completely missing data for Pupil, DiasBP, SysBP, or HR, the person score estimates still correlated highly ( > 0.9) with scores derived from the full data set. When data were missing for all 3 of the cardiovascular items, person score correlations with the true score dropped to ∼0.7.
DISCUSSION
This study is the first to validate a nociception scale consisting of both behavioral and physiological items designed for noncommunicative patients with severe TBI, using IRT methods. IRT allows interval measurement of constructs such as the intensity of nociception using a set of dichotomous or ordinally scored items. 35 Our data suggest that the final BINAM, composed of 10 behavioral and physiological items, is capable of producing reliable person scores in ∼10 minutes of observation, and that the score is sensitive to activities likely to exacerbate nociception, and to medications likely to ameliorate nociception. Moreover, these results provide preliminary evidence that the BINAM can assess nociception similarly in patients in VS/UWS or MCS, and in patients with or without agitated behavior, thus disentangling assessment of nociception from that of consciousness or agitation.
Several study limitations should be considered when interpreting these results. The cardiovascular items collected with an automated cuff were the most likely items to be missing, followed by pupil size. This suggests that the scale will be most difficult to apply to uncooperative or highly mobile patients. However, the scale was relatively robust to missing data for certain items. In addition, one might be concerned that certain neurological injuries would invalidate some of the assessment items. For example, a patient with an efferent pupillary defect might not display larger pupils, or a severely paralyzed patient might not engage in posturing, in the presence of nociception. This concern was blunted by the rating instructions, which encourage clinicians to use less impaired body parts for the rating, or to consider the patient's baseline range of motion before assessing posturing. In the end, however, the performance of the scale suggests that these are not overwhelming confounds. The fact that Rasch analysis could arrive at a stable item hierarchy implies that the primary variation in the rating items was due to nociception, not due to idiosyncratic patient factors.
Validating a measure of nociception in a noncommunicative population is challenging, without an objective standard of nociception intensity or a subjective self-report to compare with. Validation studies support the use of the NCS-R, but recent research suggests that the previously recommended fixed cutoff score indicating nociception is not reliable and that one should focus on the detection of withinsubject change. 26, 29 However, although within-subject change can help in managing known sources of nociception, it cannot identify which patients are experiencing nociceptive stimuli. In addition, as noted previously, NCS-R and CRS-R scores are substantially correlated, complicating the use of the NCS-R to detect pathology and nociception in patients with unclear or rapidly evolving levels of consciousness. Although BINAM and CRS-R scores are also significantly correlated, the magnitude of the correlation is smaller than that between CRS-R and the NCS-R reported by Chatelle et al, 29 suggesting less confounding with state of consciousness. Moreover, as the current study involved naturally occurring injuries rather than experimentally induced nociception, there is the possibility that the actual burden of nociceptive stimuli was somewhat higher in the more conscious patients.
With respect to use in patients with agitated behavior, complete independence of BINAM and ABS scores may not be realistic. Although agitation is believed to be an independent construct, nociceptive stimuli may increase agitation in susceptible individuals. However, the fact that acetaminophen was not associated with a change in ABS scores suggests that the BINAM is more targeted to measuring nociception itself, and can still be used to assess nociception in agitated patients.
The response of the BINAM to activity provides partial construct validation. However, there is the possibility that the cardiovascular items of the BINAM responded to postural and aerobic stimuli in physical therapy and to nociception as well. Prolonged positioning in bed or chair was the second most painful activity, but it was only significantly more painful than repositioning in bed, but not repositioning in the chair. As we did not record whether the prolonged position was sitting or supine, we cannot rule out that this difference was also partly postural in nature. However, the significant effect of acetaminophen, which has no known cardiovascular effects, demonstrates that the BINAM score must be driven substantially by nociception. The IRT fit statistics support the instrument's reliability in discriminating pain levels among individuals, not merely within-subject changes in nociception input. Efforts are underway to further validate the BINAM as a measure of nociception/pain by examining its relationship to the objective burden of injury.
In conclusion, this study provides evidence that the 10-item BINAM, rated over a 10-minute observation period, can reliably assess the severity of nociceptive factors in individuals with severe TBI, and that the resulting score is largely independent of the level of consciousness or agitation. Further research to validate the BINAM, and to compare its accuracy and feasibility in clinical practice with the NCS-R, is warranted. 
